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the artificial line against the cable is attacked. It seems
reasonable to suppose that, unless this be done, the elim-
ination of these entirely local effects may considerably
aggravate any other difficulty that may be experienced.

We shall be well advised therefore to discuss what
expedients can be adopted to remedy an obviously unde-
sirable lack of symmetry. Those which suggest themselves
are :—

(1) To make the connecting wire between the receiving
instrument R and the condenser as short as possible, so
that the latter becomes, as it were, part and parcel of the
former. The objection to this is that the condenser on
even moderately long cables may under ordinary circum-
stances become a very bulky piece of apparatus occupying
a prohibitively large space.

(2) To use connecting wire having a thickness of insula-
tion so great as to' make its capacity per unit length
negligible.

(3) To divide the condenser into two equal parts and to
place one on each side of R. This would involve four
times the capacity of the original condensers and would be
objectionable on the score of cost.

(4) To adopt the Price wire-guard principle in regard to
these wires. That is to say, to connect the screen sur-
rounding the wire to the bridge apex and thus nullify the
capacity.

(5) To divide the coil of R into exactly equal parts, R,
and R2, and to insert the condenser between these two
parts as shown in Fig. 4. This provides a symmetrical
arrangement at no greater cost than that of two similar
additional lengths of connecting wire, the capacity of
which is represented by S,.

The diagrams given show the connections where a mag-
netic bridge duplex system is in use, but the argument
applies equally well to cases where a simple resistance
bridge or a double block condenser bridge are employed.

DISCUSSION ON

"THE DESIGN OF HIGH-PRESSURE DISTRIBUTION SYSTEMS."*

FURTHER CONTRIBUTION TO THE DISCUSSION.

Mr. Price. Mr. B. PRICE (communicated) : This paper is of special
interest to me because I shared in the earlier development
of the large and successful system on the North-East Coast
to which the author makes more than a casual reference.
Twelve years ago, when that system was in its infancy, the
principles so clearly stated in the opening paragraphs of
the paper had already been fully grasped, and the idea of
a vast interconnected high-tension system, such as that
shown in Fig. 8, was already prominently in mind. The
arguments in favour of such a development were speci-
ally strong in that particular district because, in addition
to the necessity for meeting the power requirements of
scattered collieries and other consumers, it was of immense
importance that the waste heat from coking plants and the
waste steam from blast-furnace blowing engines should be
utilized for the generation of cheap electric power. These
sources of cheap power could not be tapped unless the
high-tension system of the power companies was extended
to reach them, and it became clear, therefore, that the
system must be suitable for extension over a very wide
area and must be designed with a view to reaching any
point within that area. Whilst, in many directions, the
development of the art had made adequate progress, the
way was not yet clear in every respect. The advent of
steam turbine-driven generating plant had removed all
difficulty in regard to the satisfactory parallel running of
widely separated stations, and had rendered possible a
large increase in the size and economy of generating units.
Mains, switchgear, and transformers had been developed
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well up to requirements, although experience with the Mr. Price,
latest types was somewhat limited. The novel features
of the problem from the engineering standpoint lay more
in the direction of the regulation and control of such
extended networks, and for a time this aspect appeared to
constitute a real difficulty. It was the application of the
differential principle to the design of automatic protective
devices which removed these difficulties and rendered it
possible to design the lay-out of such a system at mini-
mum capital cost.

Lay-out of systems.—The author has investigated the
cost of certain typical lay-outs (see Fig. 9) in order to
prove that the chessboard type involves minimum capital
expenditure, but I believe that even without such proof
the type of lay-out shown in Fig. 8 will be accepted by
power-scheme engineers as the cheapest, safest, and most
convenient that could be devised. Not only is each point
of supply fed over widely divergent routes from the maxi-
mum number of sources of supply, but the mains are
spread more or less uniformly over the area and are
therefore in the best position for feeding future consumers.
Inasmuch as the cost of a high-tension underground cable
is much more than the cost of excavating the trench in
which it is to be laid, and as the cost of copper and
insulators is the major item in the cost of an overhead
line, it must be wrong, as a general principle, to run more
than one circuit along each individual route, though this
may be advisable under exceptional circumstances. It
should be specially emphasized that a system of this type
could not be operated to meet commercial requirements
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Price; were it not for the discriminating properties of the auto-
matic protective gear with which it has been equipped.
Since 1909 I have been able to study the operating charac-
teristics of the extensive power scheme on the Rand in
South Africa, where conditions differ materially from
those obtaining on the North-East Coast of England, and
it may be of interest to mention some of the conclusions
which may be drawn from the experience gained, as bear-
ing on the matters dealt with in the paper. The Rand is
a very narrow strip of country, about 50 miles long, situated
on a plateau at an altitude of close upon 6,000 ft. above
sea-level. It is particularly prone to severe lightning
storms, accompanied in many instances by tornadoes of
wind, hail, and rain. Large birds of the hawk tribe are
common, and some of these exhibit a peculiar preference
for the use of metal wire in the building of their nests, the
sites for the latter being frequently chosen in the upper-
most section of the lattice-work of steel transmission
towers. It is probable that there are few localities in the
world which offer more severe conditions for overhead
working, and as the whole of the main transmission
system and the major portion of the high-tension dis-
tribution system have been constructed overhead, ample
experience has been gained. The system comprises well
over 200,000 k.v.a. of generating plant installed in four
generating stations feeding 136 miles of 80,000-volt, 82
miles of 4O,ooo-volt, 66 miles of 20,000-volt, and 63 miles
of 10,000-volt overhead 3-phase circuit, 50 miles of under-
ground 20,000-volt cable, and about 75 static transformer
sub-stations ranging in capacity up to over 10,000 k.v.a.
per sub-station. Under these conditions the number of
faults occurring on the overhead system has been very
many times that of the faults on the underground 20,000-
volt cables; in fact, whilst the cables never fail from
internal causes, and hardly ever from external causes, the
lines fail quite frequently during the six months of the
lightning season. The problem of maintaining satisfactory
supply to the gold-mining industry under these conditions
has been satisfactorily solved by adopting the same prin-
ciples of design as those which proved so successful on the
North-East Coast of England. At the outset, when the
system consisted largely of lines and sub-station equip-
ments of antiquated and poor design and before any
reliable system of automatic control had been adopted, the
damage produced by lightning was appalling and, at first
acquaintance, almost persuaded me to embark upon an
extensive experiment under practical working conditions
with numerous types of lightning protective gear. It soon
became apparent, however, that the system was not being
given a fair chance and that the first step should be to
improve the automatic control. Whilst interference with
the telephone circuits both of the power company and of
the Government rendered it impossible to earth the neutral
in the ordinary manner at the step-up transformers at
generating stations, the use of special step-down trans-
formers having star primaries and delta secondaries
removed this difficulty, and the installation of differential
protective gear (often termed balanced protective gear)
with pilot wires secured the almost instantaneous isolation
of all faults. The system was extending rapidly, and this
enabled various networks to be converted into a collection
of ring mains, thus providing divergent routes for the
duplicate feed to each point of supply. A system of

automatic alarms was also provided capable of notifying Mr. Price.
the headquarters for the district concerned immediately
a switch opens at any static sub-station. These alarms are
so designed as to indicate to the engineer at headquarters
the sub-station at which a switch or switches have opened.
He then proceeds by motor-cycle to investigate conditions
at such sub-stations. These measures have revolutionized
the performance of the system, and the experience of the
last few years has proved conclusively that satisfactory
supply can be maintained, even under the exceptionally
severe conditions obtaining on the Rand, without resort to
any more drastic precautions than those mentioned. My
conclusions in this connection may be summarized as
follows:—

(1) Under such conditions the earthing of the neutral is
essential. It enables instantaneously-acting discriminating
cut-outs to be used, and it also provides a ready means for
inserting a resistance in the path of the current flowing to
all but exceptional faults. Experience shows that a fault
between phases is relatively infrequent because, as a rule,
the initial effect of the induction from lightning is to cause
a flash-over on one insulator, and the differential protective
gear is sufficiently rapid in its operation to prevent the arc
at the insulator from spreading to other phases in all but
exceptional cases. Faults between phases are generally
the result of a wire thrown wilfully across the lines, or of
material such as corrugated iron roofing being blown on
to the conductors. The earthed neutral also enables the
lightning arresters to operate more satisfactorily. If
the neutral is insulated, a fault on one phase increases the
pressure on the other two, causing the arresters on these
latter to discharge continuously until a second fault to
earth develops. The resistance in series with the horn
gaps have, of necessity, to be so proportioned as to limit
the current to a value which is insufficient to operate the
cut-outs, otherwise every arrester discharge would isolate
the circuit. The arresters, therefore, continue to discharge
until something gives way, and as a rule the arc at the
horn gaps spreads to neighbouring ironwork. This con-
tinual discharge of the arresters takes place in static sub-
stations and is not therefore under the observation of
attendants. When the after-effects are examined, the first
impression gained is that the lightning has performed
extraordinary feats in bridging an air-gap far larger than
that between the horns ; whereas, in actual fact, the
damage has been the final result of prolonged and con-
tinuous arrester discharge. The earthing of the neutral
entirely removes this difficulty, as it converts every flash-
over into a definite fault which the cut-outs are able to
isolate and relieves the arresters from unfair duty. Ex-
perience with and without an earthed neutral has also pro-
vided abundant proof that an insulated system is subjected
to very much more severe potential strain at times of
high-frequency surge. If by chance the neutral of a
section of the overhead system should become insulated
during a lightning storm, several flash-overs invariably
take place between live conductors and neighbouring
ironwork inside buildings at the terminals of the lines. If
the neutral is earthed, a flash-over inside buildings may
occasionally occur due to a severe flash of lightning strik-
ing the line conductors direct or going to earth in close
proximity thereto and within a short distance of the end of
the line, but this is of rare occurrence.
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Mr. Price. (2) The separation of the routes for supply to any given
point on the network prevents the simultaneous failure of
such routes in all but exceptional cases.

(3) The use of differential protective gear is essential not
only to obtain perfect discrimination (i.e. the isolation of
the faulty generator, line, or transformer, and of that faulty
piece of apparatus alone), but to secure as nearly as
possible instantaneous isolation. Although it is impossible
to construct a switch which will break the circuit abso-
lutely instantaneously, a switch of good type will complete
its stroke within a small fraction of a second, and experi-
ence shows that if the relay has no time element, the power
arc formed across a line insulator is extinguished before it
has had time permanently to damage the porcelain in the
majority of cases. If even a small time-element is intro-
duced, every line flash-over will result in a damaged
insulator, whereas the use of instantaneously-acting relays
enables the line to be at once switched back into service
five times out of six. It is partly on this account that
divergent routes are efficacious in maintaining uninter-
rupted supply, because a line which has tripped out due to
insulator flash-over is often in service again before the
duplicate route is subjected to the influence of the passing
lightning storm. On several occasions it has been proved
that a network about 6 miles in diameter, comprising a
ring main with two radial feeders subdividing it into three
adjacent rings, has experienced as many as six separate
faults during a severe storm (one or possibly two of which
faults have proved to result in a fractured insulator) with-
out causing any interruption to supply. The value of the
discriminating properties of differential protective gear
can only be fully appreciated by actual experience with
and without its aid on a large and complex system under
severe operating conditions. In my opinion such gear will
in one or other of its various forms become universally
adopted for the automatic isolation of all apparatus, includ-
ing generators, transformers, and feeders. All such plant
has been so equipped throughout the system on the Rand,
and it would be difficult to overstate the benefits which
have resulted. The application of such gear to trans-
formers is now recognized as standard practice, but some
engineers appear to be diffident with regard to its use for
the protection of generators. On the Rand system, each
generator is directly connected to its own step-up trans-
former, and the combination is then protected by differential
relays which actuate the main high-tension switch. This
switch in turn operates a switch in the exciting circuit of
the generator, so that in the event of failure of the generator
or the transformer or any of the connections between the
same, the machine is immediately isolated from the system
and demagnetized. This arrangement minimizes the
damage caused by the fault. In my opinion the two
outstanding characteristics of differential protective gear,
namely, (a) its instantaneous action, (b) its perfect dis-
criminating properties which are entirely unaffected by
the highest overload, render it particularly suitable for
application to generating plant. As a rule each generating
set has a capacity several times as great as that of any
individual line or sub-station transformer, and it is there-
fore important to ensure that the set will not be auto-
matically isolated from service under any circumstances
other than that of its own failure. It is also of advantage
that in the event of failure the extent of the damage should

be restricted as much as possible because the time and Mr. Price,
cost of repairs is a relatively important matter. Moreover,
it must be borne in mind that such sets are in charge of an
attendant who is in a position to isolate the machine by
hand should any trouble arise other than an internal
failure of the generator itself.

(4) Lightning protective gear, is probably beneficial, but
proof is difficult and it is better to spend money to obtain
an increased factor of safety for the apparatus to be pro-
tected than to multiply arresters unduly. One thing is
certain, namely, that the intensity of the induced effect of
lightning is localized to a relatively short lengfn of line in
the immediate vicinity of the lightning flash. To prevent
entirely insulator flash-overs on the lines, it would there-
fore be necessary to distribute lightning protective gear
of efficient type at frequent intervals throughout the length
of all lines, and even then it is by no means certain that
any known form of arrester would prove completely
effective when so used. My opinion is that the best com-
promise is to erect earthed wires over the power lines (as
has been done throughout the system on the Rand) and to
equip the ends of the lines at generating stations and at
sub-stations with arrester gear. The earthed wires prob-
ably minimize the risk of a lightning flash entering the
conductors direct, and they certainly assist to damp out the
intensity of the high-frequency surge as it passes along
the line. Ordinary horn-gap arresters in series with resist-
ance have been adopted on the Rand, but whether the
relative immunity of sub-station apparatus from failure is
due to the protection afforded by such arresters is un-
known. When given adequate attention, these arresters
appear to operate satisfactorily, and presumably they do
good rather than harm, but whether or not they relieve
the station apparatus from strain, they can be of little if
any benefit as a means of protection against faults on the
line insulators. I consider, therefore, that line faults in
considerable number are and must remain inherent to such
a system, and that the design and lay-out of the system
must be directed towards enabling these faults to be
automatically isolated without interruption to supply.
The cost of repairs is a negligible quantity.

(5) A complete and thoroughly reliable telephone and
alarm system is essential. For this purpose I would re-
commend the combination of an ample number of tele-
phone wires and pilot wires in a single lead-covered cable
suspended from poles placed at a sufficient distance from
the power lines to prevent dangerous induction from the
heavy currents flowing through the latter at times of fault.
With the growth in size and complexity of modern power
schemes, involving, as it does, an ever-increasing number
of static sub-stations, I believe it will become standard
practice to provide a limited number of pilot wires along
all the main distribution routes whether the cut-outs be
fitted with differential relays or not. Such pilot wires
will be found most useful for any or all of the following
purposes:—

(a) For use with differential relays.
(b) For operating switch-tripping alarms at district head-

quarters.
(c) For enabling certain important switches (for example,

at sectionalizing points on the various networks) to
be remote-controlled from headquarters. This may
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, Price. be desirable at times of emergency to avoid over-
loading certain feeders or to hasten the resumption
of supply. It may be equally desirable in every-
day routine to ensure maximum safety during
lightning storms, whilst at the same time reducing
losses of distribution and transformation to a
minimum under varying conditions of loading.

(d) For enabling data to be collected with regard to the
performance of the system at times of trouble.
Automatic apparatus recently developed in America
designed to record the precise time of occurrence
of a sequence of events (such as switch operations,
lightning flashes, arrester discharges, and fault
currents flowing through the neutral earth con-
nections) can then be effectively used.

(e) For enabling the official in charge of the loading,
regulation, and control of the entire system (gene-
rally known in America as the " load despatcher,"
but perhaps better termed the " control engineer "
or " system engineer ") to obtain direct information
regarding the voltage and frequency of various
sections of the system by means of instruments
placed in front of him in his office.

( /) Generally, for co-ordinating data from various points
on the system to a central point. A special in-
stance of this kind arose on the Rand when it
became essential to measure the aggregate of
simultaneous maximum demands of a number of
widely separated consumers. Whilst carefully
adjusted clocks controlling demand attachments on
consumers' integrating watt-hour meters might have
sufficed, a source of contention was eliminated by
controlling all such attachments from one central
point.

Without wishing to detract from the merits of the split-
conductor system, which undoubtedly is advantageous
under certain circumstances, I believe that in many, if not
in the majority of cases, it will be found that the differ-
ential system involving the use of pilot wires is to be
preferred. If telephone wires and pilot wires are required
for other purposes, the additional pilot wires for the
differential relays can be embodied in the same cable at
negligible expense. The duplication of overhead con-
ductors, rendered necessary by the split-conductor system,
is in my opinion a complication that should be avoided,
and, as explained later, the fact that the split-conductor
system can be designed to operate with a very small fault
current is of no practical value. The differential system
with pilot wires is already more sensitive than is really
necessary.

Switchgear.—It is unfortunately the fact that the system
on the Rand, handicapped as it is by the severity of
climatic conditions, was equipped with switchgear of
Continental design which proved incompetent for dealing
with the many short-circuits occurring in practice. The
switches installed for 40,000, 20,000, and 10,000-volt
working, though of liberal dimensions and relatively high
cost, were designed with insufficient experience of the
conditions which can exist on a system of the type in
question, i.e. one laid out for generating and delivering
very large quantities of power over a relatively compact
area. With the object of avoiding an excessive number of

circuits and switchgear panels, the voltages chosen have Mr, Price,
been relatively high in relation to the average distance of
distribution. Under such conditions, the rush of power
at times of short-circuit between phases is very great and
all apparatus in the main circuit is subjected to very severe
strain. The type of switch installed proved lamentably •
deficient when called upon to interrupt these very large
quantities of power. It was merely an enlarged repro-
duction of the earlier switches which had proved effective
on smaller systems working at lower pressures. The
length and speed of break were inadequate, and no attempt
had been made to cool the gases formed at the arc or, in
other words, to increase the length of the path for such
gases before they reach the air above the oil. In conse-
quence of these defects, serious gaseous explosions were
experienced, followed in some cases by oil fires such as
few if any other schemes have encountered. In those
instances where the gases formed by the disintegration of
the oil exploded with the air inside the top of the switch
case, the tank was blown down and the oil was generally
left ignited. If it happened that the air in the switch was
expelled through the vent pipe without explosion, the gases
were in exceptional cases exploded with the air outside the
switch, bursting the iron doors of the switch chambers and
bulging the masonry work. One of the difficulties in
dealing with lightning and switch troubles is the
impossibility of investigating the phenomena by special
tests. All that can be done is to analyse evidence obtained
in commercial service and to test the conclusions drawn
therefrom by the tedious process of analysing further
commercial experience, much of which may be incon-
clusive. Experience with oil switches on the Rand has
led to the following steps being taken :—

(1) In the case of 4O,ooo-volt switches controlling the
main arteries of the system, " explosion pots " have been
fitted, i.e. insulated cylindrical metal chambers have
been so fixed as to surround the immovable contact, and
the stroke of the movable contact has been increased
sufficiently to allow such contact to move well clear of
the bottom of sucH chamber. It is not claimed that
enclosure of the arc within such a chamber assists the
oil to quench the arc. The object in view has been to
direct the hot gases downwards into the oil instead of
allowing them to force a path straight up to the surface.
Incidentally, such chambers also relieve the oil tank from
the mechanical forces produced by the sudden and violent
generation of gas at the arc. The provision of these
so-called explosion pots has proved very effective in so far
as the prevention of gaseous explosion is concerned.

(2) In the case of 20,000-volt and 10,000-volt switches
controlling the outgoing feeders from generating stations,
the length of break has been doubled. Whilst it is as
yet too soon to say that this alteration will be fully
effective, there is no doubt that it has greatly improved the
performance of these switches.

In addition to the above-mentioned alterations, the
following steps have also been considered and may subse-
quently have to be adopted in whole or in part:—

(1) To double the number of breaks. This would be
difficult and relatively expensive in the case of the smaller
switches.

(2) To baffle the path for gases en route from the arc to
the surface of the oil. It is not easy to do this effectively
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Mr. Price, without incurring expenditure as great as that required for
the installation of explosion pots.

(3) To exclude all air from the internal portions of the
switch and to fit suitably-designed air-buffer chambers for
relieving the mechanical strain produced by the generation

• of gases at the arc. This again would be a relatively
expensive alteration.

(4) To insulate all live conductors in switch chambers.
As switch troubles only occur under the severest condi-

tions, acquisition of experience is a very slow process.
Adverse performance is generally conclusive, but experi-
ence in favour of an alteration may be inconclusive for
a very long time. Having removed the more serious
dangers, it is now necessary to wait patiently for proof of
the extent to which a cure has been effected. I am
dubious with regard to the efficacy of the suggestion cited
by the author, to increase the length of break by magnetic
repulsion of the currents at the arc. Whilst it is true that
the gases have negligible mass, relatively heavy oil must
be displaced if the path of the current is to take its place.
On a 50-cycle system the current is ebbing and flowing
100 times per second, and the problem is to introduce
resistance in the path of the arc at a more rapid rate than
that at which the resistance of the path is being reduced
by carbonization. The magnetic forces being due to the
current, they exist only whilst oil is being carbonized, and
it is therefore difficult to see how such forces can assist
the introduction of non-carbonized oil into the path at
the moment when the current is zero and the voltage is
endeavouring to restart it. It would seem that there are
only two ways in which to accelerate the final interruption
of the circuit. Either the speed of the moving contacts
must be increased (thereby increasing the percentage of
uncarbonized oil in the path at the instant of time when
the current is very small), or a very high-velocity jet of oil
or other insulating medium must be interposed across the
path of the current (thereby actually interrupting the
continuity of the carbonized path).

Reactances.—I entirely agree with the author's views
regarding the limited usefulness of reactances, and am of
the opinion that effort should be directed towards the
improvement of switchgear design rather than towards an
undue increase of reactance. The development of switch
design would seem to afford a very extensive field for the
application of ingenuity, and it is a problem which calls for
close collaboration between manufacturers and operating
concerns. I see no reason why the rupturing power of
oil switches should not be capable of improvement several-
fold if time and money be spent upon experimental
research under working conditions with apparatus of
radically novel type.

Economical section of mains.—The latter section of the
paper is full of interest, but in my opinion very great
caution should be exercised in attempting to apply the
results deduced. The author is evidently fully alive to
this, as he has inserted a saving clause in his concluding
remarks. It must always be remembered that in design-
ing the initial lay-out of a power scheme, the ultimate
scope of the business cannot be foreseen with any approach
to accuracy, and the problem is therefore one in which the
assumptions are far less precise than the methods of
calculation which can be applied. One of the advantages
of overhead working is the ease with which the pressure

can be increased at small cost, and it is often sound policy Mr. Price,
to install switchgear suitable for such an eventual increase
and transformers arranged with windings connected in
parallel, which can subsequently be connected in series, or
in delta, which can later be connected in star. The usual
procedure would be to gauge as closely as possible the
ultimate scope of the business and then to select such
pressures and standardize such sections of main as will
meet these eventual conditions without undue multiplica-
tion of circuits and switches.

Miscellaneous points.—Under Section 2 (6), the author
states that the balanced-current protective system and the
split-conductor protective system (both of which are
perhaps better termed differential protective systems) are
able, by virtue of their instantaneous action, to isolate a
faulty feeder 'with quite a low value of fault current.
Whilst it is true that the relays operate very rapidly, the
movement of the relay and the subsequent movement of
the switch occupy several cycles, even with most modern
designs, whereas the current flowing to a dead short-
circuit rises to its maximum value within one-half cycle.
It is of course possible that in exceptional cases the resist-
ance of the fault may take an appreciable interval of time
to fall, but as a rule the fault closely approximates to a
dead short-circuit. When the rate of dissipation of energy
at a fault on a large system is realized, it becomes difficult
to imagine any appreciable time lag. The effects are in
the nature of an explosion. This fact renders it all the
more important that the fault should be isolated in the
smallest number of cycles, but it is unsound to assume that
so-called instantaneous relays will eliminate the mechanical
strain to which all apparatus in circuit with the fault is
subjected at the moment of short-circuit. It is here that
the use of a reactance is of value, because it would seem
to be the only means by which to reduce these, mechanical
strains. I am in favour of the installation of such re-
actances in series with the generators, i.e. at the point
where they can influence the entire system and can be
installed at minimum cost and with maximum ease. An
undue increase in reactance augments the voltage variation
for a given change in load, and if the load comprises huge
electric winders, as it does on the Rand, automatic
control of the generated pressure becomes essential. This
again renders it necessary that the cut-outs throughout the
system should operate with minimum time element, other-
wise the pressure regulators have time to affect appre-
ciably the fault current at the moment when the switches
are endeavouring to interrupt the circuit. My experience
points to the conclusion that the combination of a
reasonable amount of reactance in the generators them-
selves and/or in series with them, with automatic voltage
regulators and instantaneously-acting differential relays, is
thoroughly satisfactory, and that any deficiency in the
operation of the switches should be removed by an
improvement in the switch itself. I would also refer to
the author's remarks in subsection (c) under the heading
I(a) "Mains." Apart from any question of inequality in
current, the parallel operation of cables and overhead lines
is bad practice. It certainly conduces to surging, and it
permits induced effects of lightning to pass from overhead
lines to the underground system. In this contribution to
the discussion, I have touched upon only a few of the more
general conclusions to be drawn from experience on the
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r. Price. Rand. Many details of a purely practical nature would
hardly fall within the scope of the paper.

:r. Beard. Mr. J. R. BEARD (in reply) : As mentioned in my reply
to the discussion before the Institution * Mr. Price is one
of the pioneers in the design of high-pressure distribution
systems. In conjunction with Mr. Merz he was responsible
for the important early development work on the North-
East Coast and also the invention of the differential
principle as applied to protective devices which resulted
in the first commercially satisfactory solution of the
problem of operating an interconnected system. For
the last six years Mr. Price, as engineer to the Victoria
Falls and Transvaal Power Company, has had a further
unique opportunity of studying the design of such systems
and of translating his ideas into practice on a system
double the capacity of that on the North-East Coast, and
under operating conditions very much worse than any
experienced in this country or even in America and on
the Continent. Hence it is obvious that the very full
details he has given of his experience on the Rand must be
most carefully considered, as they will give engineers in
this country an idea of the conditions that are likely to
be met in the future as our systems extend.

Mr. Price first discusses the lay-out of distribution
systems, and I am pleased to note that his later experience
under the more onerous conditions of the Rand has not in
any way diminished his confidence in the interconnected
system and in the possibility of its development on the
largest scale. I am glad attention has been drawn to the
importance of earthing the neutral point in order to
facilitate the operation of protective gear and to prevent
high-frequency surges. This matter was not referred to
in the paper, as it was very fully discussed three years ago
in connection with a paper by Mr. Peck.f Even at that
time there was a strong feeling in favour of earthing the
neutral, and at the present time the consensus of opinion
is that there is no question as to the desirability of
doing this under normal conditions. In fact the only
case which can be made out for an unearthed neutral
is the somewhat doubtful one of non-duplicate overhead
transmission lines such as are in use in America, which
are often 50 to 100 miles long and traverse uninhabited
country. In such cases a fault may take days to find, and
it is frequently possible with an unearthed neutral to
maintain the service with a fault on one phase until the
fault can be found and removed. It is, however, most
useful to have Mr. Price's definite confirmation from actual
experience that an unearthed neutral promotes serious
surges. An almost equally important point, which is also
mentioned, is that if instantaneously-acting protective
gear is used and the neutral point earthed, the majority
of faults are only faults to earth and are therefore much
less severe. This is usually assisted by the addition of
resistances in circuit with the neutral connection, but even
if no special resistances are introduced there is usually
sufficient earth resistance at the fault and at the earth-
plates to effect a material reduction in the fault current.
The insertion of resistance at the neutral point must be
done with caution, as if it is too great and a high-resistance
earth-fault occurs, the fault current may not reach a value
high enough to operate the protective devices. This may
be guarded against by installing an automatically operated

* See page 229. f Journal I.E.E., vol. 50, p. 150, 1913.

switch which short-circuits the earthing resistance through Mr. Beard,
the medium of a definite time-element relay if the fault is
not cleared before a time has elapsed which is fixed by
the setting of the relay.

In dealing with differential protective gear I do not
think Mr. Price does justice to the advantages of the
split-conductor system. As mentioned in the paper, both
pilot-wire and split-conductor protection have been used
on an extensive scale on the North-East Coast. Conse-
quently it has been possible to obtain a very good idea of
their relative merits, and for such a system split-conductor
protection has been proved to have the balance of advan-
tage for feeders. The experience on the Rand on the
other hand has been limited to pilot-wire protection only.
Mr. Price particularly points out that the two outstanding
characteristics of a differential protective gear are, first,
its instantaneous action and, second, its perfect dis-
criminating properties which are entirely unaffected by
the highest overload. Of course no system of protection
can claim the literal fulfilment of such onerous conditions,
but it is in just these characteristics that the split-conductor
system shows its superiority. It can operate with much
smaller fault currents, and therefore with more certainty
and speed, since faults usually take a measurable period to
grow, even if it is only a few cycles. It can also withstand
much heavier straight-through currents without being
affected. This is at once evident when it is appreciated
that any differential apparatus is dependent on the balance
which can be obtained with the heaviest straight-through
current. In the case of the split-conductor system the
two currents, the differential effect of which operates
the gear, are directly balanced against each other, whereas
with the pilot-wire system the two currents are balanced
through the agency of current transformers and long
pilot wires. The current transformers are difficult to
balance magnetically under heavy currents owing to
saturation of the iron, while if attempts are made to obtain
a straight-line characteristic up to very heavy currents by
increasing the air-gaps, the power obtainable from the
transformers rapidly falls. The pilot cables also introduce
difficulties not only from the point of view of maintenance
and cost, but also due to capacity currents, which are
aggravated by the peaked secondary voltages caused by
saturation in the transformers. The design of such
protective apparatus is therefore a rather complicated
compromise between diverse influences. These difficulties
do not arise to the same extent in the case of transformer
and generator protection, and for these the pilot-wire
system is certainly the best, and even for feeder protection
it has been developed to a point at which it is quite
workable on the largest systems and is the only reasonably
efficient alternative to the split-conductor system. Mr.
Price particularly criticizes the use of split-conductor
protection for overhead lines, and the multiplication of
conductors is certainly some disadvantage, although with
the more recent designs where both splits are carried on
the same insulator this is not so important, as the number
of insulating points is not increased. Apart from this the
split-conductor system has a greater advantage on over-
head lines than it has on cables, owing to the fact that it
can be set for fault currents only 20 per cent, or even less,
of the corresponding settings with the pilot-wire system.
Reference to my previous remarks on the high resistance
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Mr. Beard, of earth faults on overhead lines * will at once indicate the
importance of this, and on large systems it is almost
impossible to set pilot-wire protection so that it will
operate with certainty under high-resistance earth-fault
conditions and at the same time not operate with the
maximum possible straight-through currents. Probably
Mr. Price has not been troubled very much from this cause
owing to the fact that his system is almost entirely over-
head, and therefore most of his faults will be to earth and
the straight-through currents limited.

In view of the peculiar conditions on the Rand Mr. Price
has the opportunity of obtaining more experience with
lightning protective gear in a week than engineers in this
country can obtain in many years. I therefore read his
remarks on this subject with very great interest, and they
are a striking confirmation of the views, based on limited
experience, to which I have referred previously.! In short,
Mr. Price, after all his experience, is unable to state
definitely that lightning protective gear reduces the
trouble from lightning, and he recommends that money
should be spent on an increased factor of safety for
apparatus in general rather than on a multiplication of
lightning protective gear. It should also be remembered
that lightning protective gear cannot be treated in a
passive manner. It is not correct to take the attitude
that, even if it apparently does no good, it may be as
well to provide it since it will do no harm. Mr. Price
tells us of certain troubles which such gear may cause,
and it is obvious that additional apparatus means addi-
tional risk, more particularly if it involves a spark gap.
I do not know whether Mr. Price has tried the effect
of taking his overhead lines into sub-stations through short
lengths of underground cable as recommended by Mr.
Hunter in the discussion on Mr. Welbourn's paper on
overhead lines.} If so, it would be most instructive to
have some information as to the results under the Rand
conditions. As I have previously mentioned, this method
seems very satisfactory in this country.

Mr. Price gives at some length his experience with
switchgear, and on the whole this bears out the general
views I have expressed in the paper, but in two cases
I am not in entire agreement with him. If, as I think
is probable, the inertia of the oil plays a more important

• See page 294. f Ibid.
J Journal I.E.E., vol. 52, p. 303, 1914.

part in wrecking switch tanks than the explosions of the Mr. B«ard.
hot gases on meeting the air, the exclusion of air from
the internal portions of the switch and the provision of
air-buffer chambers will not be of much assistance and,
as Mr. Price points out, is a relatively expensive arrange-
ment. Baffling the path of the gases will certainly tend
to increase such inertia stresses, but the problems of switch
design are so far from solution that it is impossible to say
whether such increases of pressure may not be advan-
tageous if only the tanks are strong enough to resist them.
The other point I am doubtful about is the suggestion that
the number of breaks should be increased. It is generally
known that under short-circuit conditions on high voltages
the voltage-drop across the arc is small relatively to the
drop in the rest of the circuit, and consequently if the
number of breaks is doubled the short-circuit current is
not appreciably reduced, while the energy dissipated in
the switch is doubled. There is thus more likelihood of
a weak switch failing, and even if the switch has an ample
margin of strength it is doubtful whether there will be
much more tendency for the circuit to be more quickly
broken. Mr. Price's criticism of the value of utilizing
the magnetic repulsion of the currents at the arc has
been already dealt with in my reply to Mr. Tallent-
Bateman.*

The whole of the discussion upon the switchgear section
of the paper has emphasized the uncertain nature of our
existing knowledge of the phenomena which take place
in the oil switch, and there is no doubt that this is one
of the most pressing and important problems in heavy
electrical engineering. It is engaging the careful attention
of engineers abroad, as is shown by the recently published
report of the Association Suisse des Electriciens.f which
although it does not attempt to deal with short-circuit con-
ditions is yet most valuable as an attempt to put oil-switch
phenomena on a theoretical basis and to check such theory
by experiment. The subject is one in which the Institu-
tion might, through its Research Committee, play a very
valuable part, and I would suggest that consideration should
be given to its claims when the resources at the Com-
mittee's disposal permit of extensions to the scope of its
investigations.

* See page 437.
t Bulletin No. 8, 1915; abstracted in the Electrician, vol. 76, p. 767,

1916.




